A nanoparticle undergoing light-induced transformations between structural phases with different optical properties is an inheritably bistable structure and this bistability can be used to create a resonator-free optical memory element, operating at very low power levels. We experimentally demonstrate this memory functionality using a film of gallium nanoparticles, and we present a method for differentially accessing the logic state of the memory using a modulated optical probe beam. Functional nanoparticles are expected to play an important role in highly integrated photonic devices as active elements of waveguiding and switching structures. In recent experiments on reversible light-and electron beam-induced structural transformations in gallium nanoparticles [1, 2] and in particular in the observation of of solid-to-solid light-induced phase transitions in a single nanoparticulate [3] , we have demonstrated that a nanoparticle with a diameter of the order of tens of nanometers exhibits equilibrium coexistences [4, 5] between a number of solid and disordered structural phases with very different dielectric properties, which can be controlled by optical excitation [6] in a highly reversible and reproducible fashion. The energy required to exercise such control is only a few picojoules per particle, promising low-energy photonic devices.
Functional nanoparticles are expected to play an important role in highly integrated photonic devices as active elements of waveguiding and switching structures. In recent experiments on reversible light-and electron beam-induced structural transformations in gallium nanoparticles [1, 2] and in particular in the observation of of solid-to-solid light-induced phase transitions in a single nanoparticulate [3] , we have demonstrated that a nanoparticle with a diameter of the order of tens of nanometers exhibits equilibrium coexistences [4, 5] between a number of solid and disordered structural phases with very different dielectric properties, which can be controlled by optical excitation [6] in a highly reversible and reproducible fashion. The energy required to exercise such control is only a few picojoules per particle, promising low-energy photonic devices.
In this paper we report on the experimental demonstration of bistable memory functionality that can be achieved in nanoparticles by engaging transformations between different structural Fig. 1 . The experimental setup used to demonstrate optical memory functionality of a film of gallium nanoparticles self-assembled on the end face of an optical fiber. The inset is an scanning electron microscope image of the gallium nanoparticle film on the core of the cleaved optical fiber.
phases with radically different dielectric properties. The state of the nanoparticles is read by a weak optical probe beam, and we show that a single optical pulse can irreversibly switch nanoparticles from a low reflectivity phase into a high reflectivity phase, thus providing memory write functionality. Memory erase functionality is meanwhile provided by removing the optical probe beam or simply by cooling the film down. Thus, our results show that a resonatorless optical memory element can be created with a nanoparticle undergoing a structural transformation.
To demonstrate such memory functionality, a film of gallium nanoparticles deposited onto the end face of an optical fiber was used. The nanoparticles were grown to a median diameter of 50 nm, using the light assisted atomic beam deposition technique as described elsewhere [7] . A film of nanoparticles was grown on the end face of an optical fiber, using the setup schematically illustrated in Fig. 1 . This way, the film is ideally positioned for its optical probing and excitation. The fiber supporting the film of nanoparticles was attached to a liquid nitrogen cooled cryostat inside a vacuum chamber, operated at a pressure of 10 −6 mbar, allowing the temperature of the film to be varied in the range from 80 to 300 K.
Two lasers were used as light sources in the optical characterization of the nanoparticle film. The first, which was used to probe the state of the nanoparticles by monitoring the reflectivity of the film, was a 1 mW continuous wave (CW) diode laser operating at a wavelength of 1310 nm. The second, which was used to optically excite and switch the nanoparticles, was a pulsed diode laser operating at a wavelength of 1550 nm, generating single optical pulses on demand.
In the absence of any pulsed optical excitation, the reflectivity of the film was recorded as function of temperature in a sweep from 80 to 300 K at a rate of 2 K/min, and is shown in Starting from I in a low reflectivity '0' state, the film remains in this memory state until the temperature passes T 2 (the upper boundary of the phase coexistence domain) after which the film enters and remains in a high reflectivity '1' state. The film only returns to the low reflectivity '0' state on passing below the lower switching temperature T 0 . The arrows show the hysteresis cycle followed during a complete temperature scan from below T 0 to above T 2 and back again. (b) Demonstration of 'memory write' functionality: switching from the low reflectivity '0' state to the high reflectivity '1' state, using a single laser pulse. Fig. 2(a) as solid diamonds. The corresponding reflectivity curve for a temperature scan in the reverse direction was then recorded, and is shown as open triangles in the same graph. These curves illustrate the thermal hysteresis of the optical reflectivity of the gallium nanoparticle film. At the low starting temperature of T = 80 K, the film is initially in the low reflectivity state, which is labeled as logic state '0'. With increasing temperature, the reflectivity increases rapidly in the temperature domain of the phase transition (T 1 < T < T 2 ). As the temperature is increased even further (T > T 2 ), the film enters a high reflectivity state, labeled as logic state '1', in which it remains even as the ambient temperature is decreased to the initial 80 K. In order to switch the film back into the '0' low reflectivity state, the probe laser has to be switched off, so that the effective film temperature is further reduced down to T 0 . When the probe laser is switched on again, the film of nanoparticles remains in the original '0' level. Following the Fig. 3 . Differential change of reflectance between the bias level and the induced change in the '0' and '1' level. As the pulses of the weak optical probe, shown in (a), excite the nanoparticle film with an energy less than that of a full transition, the reflectance of the lowreflectivity state '0' is positively shifted, as shown in (b). For the high-reflectivity state '1', the shift is instead negative as shown in (c), thus providing means to extract a sensitive read-out functionality of the nanoparticle memory.
phase diagram of gallium [8] , the states '0' and '1' can be attributed to the β and liquid phases.
In order to demonstrate the memory functionality of the gallium nanoparticle film, one must be able to switch it into the high reflectivity state at a constant temperature. In the present study, this was achieved using a manually triggered 1550 nm pulsed laser, with the sample kept at a constant temperature close to the phase transition, at T set = 170 K. In order to switch the film from the logic '0' state to the '1' state, a single optical pulse of peak power 13.1 mW and pulse duration 1 µs was used to excite the system. After exposure to the optical pulse, the film was found to be locked into the high reflectivity '1' state. Thus, the gallium nanoparticles can be switched by a single optical pulse from the low reflectivity state '0' to the high reflectivity state '1' at a fixed temperature below the lower transition temperature T 1 , providing memory write functionality (Fig. 2(b) ). The written state is maintained until the nanoparticle film is substantially cooled, to a point below T 0 at which the particles return to the logical '0' level. Such cooling thus provides memory erase functionality.
The entire switching cycle may alternatively be controlled all-optically by setting the background temperature below T 0 and using the heating effect of the probe laser to obtain an effective set point within the hysteresis loop. In this case the '1' state can be erased simply by turning off the probe laser. The writing, reading and erasing cycle of the nanoparticle memory can then be repeated time and time again without adjusting the background temperature. In this arrangement however, the '1' state is only maintained as long as the probe laser light is present.
The reflectivity difference between the two logic states may at a first glance seem too small for any reliable application. However, instead of detecting the absolute reflectivity of the film, one can use more effective scheme to determine the state of the nanoparticle memory. For this scheme, we used a pulsed diode laser, operating at an intensity such that the energy supplied during each period was insufficient to induce a complete phase transition to the high reflective state, and at a repetition rate that allowed enough time for the system to recover between pulses. With the nanoparticle memory in either the low or high reflectivity state, the reflectivity changes induced by these weak reading pulses can be measured, with the sign of the induced change indicating whether the memory is in the '0' or '1' logic state. In the low reflectivity state, the differential change induced by such pulses is positive, while in the high reflectivity state it is negative.
This principle of operation was experimentally verified using a weak pulsed laser with a peak power of 3 mW, a pulse width of 100 µs, and a repetition rate of 2.5 kHz (Fig. 3(a) ). The differential reflectivity changes for the low and high reflectivity states '0' and '1' are shown in Figs. 3(b) and 3(c) , respectively. By extracting the sign of the induced reflectivity change, one clearly has a distinct and reliable method of reading the memory without affecting its state. The signal-to-noise ratios for these measurements were found to be 49 and 7.8 for the low and high reflectivity states respectively. It should here be emphasized that in contrast to optically bistable memory elements relying on cavity resonances and optical feedback, which in size possess a lower limit roughly of half a wavelength, the memory functionality we here report is directly due to the different properties of reflection of different structural phases, not relying on any interferometrical effect as such.
In conclusion, we have experimentally demonstrated that gallium nanoparticles undergoing light-induced structural transformations possess all of the characteristics necessary to act as rewritable all-optical memory elements. Although a film of nanoparticles was used for this first proof of concept, each particle can potentially act as a single memory bit. By taking the total energy supplied to the gallium film by a writing pulse and dividing it by the estimated number of nanoparticles present in the effective area of the waveguide mode of the fiber, an upper limit on the total energy required to switch a single nanoparticle from state '0' to state '1' of 400 fJ is obtained. This estimate clearly shows the potential for single nanoparticles to provide memory functionality in future nanophotonic devices, operating at very low power levels.
